ChEMBL is a large-scale, open-access drug discovery resource containing bioactivity information primarily extracted from scientific literature. A substantial dataset of more than 135,000 in vivo assays has been collated as a key resource of animal models for translational medicine within drug discovery. To improve the utility of the in vivo data, an extensive data curation task has been undertaken that allows the assays to be grouped by animal disease model or phenotypic endpoint. The dataset contains previously unavailable information about compounds or drugs tested in animal models and, in conjunction with assay data on protein targets or cell-or tissue-based systems, allows the investigation of the effects of compounds at differing levels of biological complexity. Equally, it enables researchers to identify compounds that have been investigated for a group of disease-, pharmacology-or toxicity-relevant assays. 
Background & Summary
ChEMBL (https://www.ebi.ac.uk/chembl) is a large-scale, open-access drug discovery resource containing information about bioactive molecules, their interaction with targets (e.g. molecular, cell-or tissue-based) and their biological effects [1] [2] [3] [4] . It aspires to the FAIR data management principles (Findable, Accessible, Interoperable, and Reusable) 5 . ChEMBL is uniquely positioned to study the translation between assays that investigate differing scales of complexity, from the molecular scale that considers binding of compounds onto individual protein targets through to disease-relevant outcomes carried out on whole organisms. This approach is analogous to the Adverse Outcome Pathway framework 6, 7 (https://aopwiki. org/) that attempts to link between a molecular initiating event and a higher level response such as an adverse effect on a cell, organ or organism. For example, ChEMBL contains around 280,000 binding assays that investigate the bioactivity of a compound or an approved drug on a protein target (for 945,000 distinct compound structures). Equally, ChEMBL also contains around 550,000 functional assays that investigate the biological effect of an individual compound within the increasing complexity of a cell-, tissue-, or organ-based system (for~570,000 distinct compound structures), or within a whole animal disease model (for~920,000 distinct compound structures). For example, functional assays may examine the percentage of cell death in a cell line, or the inhibition or change of a response within a whole animal disease model. If all biological targets are considered, ChEMBL contains around 138,000 distinct compound structures that have been tested in binding assays as well as cell-, tissue-, or organbased systems and whole animal disease models regardless of their activity (or inactivity) or units of measurement (Fig. 1 ). In addition, ChEMBL also contains around 200,000 assays (for~210,000 distinct compound structures) that investigate the effect of the organism on a compound through Absorption, Distribution, Metabolism and Elimination (ADME) studies which includes in vivo pharmacokinetic data. Given the range of pharmacological data at varying scales of biological complexity, ChEMBL provides a rich, high-quality resource for addressing a wide range of drug discovery-related questions.
One key aspect of pre-clinical drug discovery is the testing of potential therapeutic compounds in animal safety models to understand disease or phenotypic outcomes and assess the potential for toxicological or adverse effects. An animal model can provide a realistic and predictive measure of the effect of a compound in a biologically complex system such as a clinical outcome in human patients. Despite significant ongoing work to reduce the use of laboratory animals 8 and develop integrated in silico tools to predict human liver and heart toxicity (e.g. Kuepfer et al. 9 or Passini et al.
10
), regulatory agencies typically require proof of compound safety in animals before progressing a potential drug into clinical studies in human (e.g. FDA guidance for Phase I studies 11 ). Therefore, there is much value for data users to be able to access well-organised and clearly annotated in vivo assay information on relevant animal studies.
Recent work has applied natural language processing to mine the ChEMBL in vivo assay descriptions for relevant information such as experimental treatment and phenotypic outcomes 12 . They demonstrated that annotated in vivo assay information can provide insights into inter-relationships between experimental models, drugs and disease phenotypes 12 . The in vivo assay data within ChEMBL is likely to be under-utilised due to:
• its unstructured format that comprises a textual description of the assay along with measured endpoints and units of measurement that are frequently non-standard; • its relatively complex nature in comparison to biochemical screening data that examines the effect of one compound on one protein target. For example, an in vivo assay might describe a chemicallyinduced phenotype such as carrageenan-induced oedema in the paw of a rat and the effect that a test compound has on the oedema, or the assay may describe the effect of a test compound in a rat to block a seizure that had been induced by an electric shock; and • the lack of a standard annotation to organise similar categories of in vivo assays.
A dataset of in vivo assays has been collated from ChEMBL and annotated by reference animal disease models or phenotypic endpoints that have pharmacological or toxicological relevance (Fig. 2a,b) . A second layer of annotation has mapped Medical Subject Heading (MeSH) disease terms to improve the interoperability of the in vivo assay dataset (Fig. 2c) . The resulting dataset will allow increased usage of the in vivo assays and their associated disease, phenotype and toxicity information. For example, using the new annotation, a subset of the in vivo assay dataset that considers Parkinson's disease can now be collectively examined for similar patterns. Likewise, in vivo assays that investigate, for example, animal models of pain or hepatotoxicity can be collectively examined.
In this way, the work provides a significant step forwards in the organisation, annotation and accessibility of the in vivo assay dataset, resulting in a defined dataset of in vivo assays and their associated information such as the disease area or phenotype for which the assay has been investigated. The in vivo assay dataset and its associated information has been implemented in ChEMBL so that it can be utilised in a structured way and can be linked to other relevant data in a straightforward manner. The dataset has the potential to be used to identify new tool compounds, new indications for repurposed drugs, or to uncover as yet unidentified off-target effects or other toxicological effects in the pursuit of safer medicines. 
Methods

In vivo assay identification
The set of in vivo assays has been collated from ChEMBL (version 24) using the BAO Ontology 13,14 that typically categorises in vitro screening assays but can also be used to distinguish assays that are performed in vivo ('organism-based format') from in vitro, ex vivo assays etc. Then, to identify in vivo assays that consider animal models (e.g. for Rat, Mouse or larger mammals) rather than insects, bacteria, viruses etc, a second step was required to separate relevant in vivo assays from other in vivo assays using 'mammals' as the annotated organism class of the assay or target. This process is considered to be a relatively clean method to separate the in vivo assays that investigate animal models from other functional in vitro or ex vivo assays. Note that some in vivo assays may xenograft a human cell line into a mouse animal model, in which case the assay organism would be described as Mouse while the target organism would be described as Human. An alternative approach to use the 'F' assay type to extract all functional assays, followed by the 'in vivo' assay test type was considered but this gave less comprehensive results because the 'assay test type' is a less well populated database field in ChEMBL. In addition, assays that investigate ADME processes have been excluded since these relate to the measurement of pharmacokinetic properties or in vitro drug metabolism studies rather than disease-, phenotype-or toxicity-relevant animal models. Equally any assay description that contains a reference to an in vitro or ex vivo assay has been excluded.
Each of the identified in vivo assays has a compact, free-text assay description that was created by the data extractor when the information was added to ChEMBL [1] [2] [3] [4] . Note that the extraction of assay descriptions into ChEMBL was not carried out as part of the work described in this article. Despite the absence of a formal controlled vocabulary, there are many common text patterns contained within each assay description. The free text assay descriptions that are available in ChEMBL have never previously been curated or organised into a defined dataset. The in vivo assay descriptions vary in vocabulary, syntax and length but often contain phrases that identify an animal reference model, or a specified phenotypic endpoint, or both, although in some cases the assay description is too sparse to identify a unique animal reference model or a phenotypic or toxicological endpoint, especially in data described by early versions of ChEMBL (examples are given in Table 1 ).
In vivo assay annotation
There is no existing ontology or controlled vocabulary that attempts to categorise disease-, phenotype-or toxicity-relevant animal models. For example, ontologies exist to describe phenotypic outcomes observed in animal models (e.g. 15, 16 ), but not the animal models themselves. Therefore, to improve the organisation and accessibility of the identified in vivo assay dataset, an annotation task has been carried out based on:
• published information available in a set of reference books that comprehensively describe pharmacological and safety assays (Hock publications -see below), and • observation of common phrases within each assay description that identify a disease or phenotypic endpoint with pharmacological or toxicological relevance. 
CHEMBL785102
In vivo binding specificity the compound in rat striatum at 60 min of intravenous injection.
--4
CHEMBL732935
Compound was evaluated for the time from injection to peak inhibition of the twitch response at 0.4 mg/kg dose Table 1 . Examples of in vivo assay descriptions and annotation. * Hock_2016 is reference 18 , Vogel_2008 is reference 17 , 'phenotype' denotes that a common disease or phenotypic term can be identified within the assay description and annotated as such for e.g. 'anti-Alzheimers', 'analgesia', 'inflammation', 'hepatotoxicity'). * * Key to final column 1: A reference animal model can be identified from the assay description and annotated by a MeSH term. 2: A disease or phenotypic endpoint with pharmacological or toxicological relevance can be identified from the assay description and annotated by a MeSH term, but there is no direct match to a specific reference animal model. 3: Both a reference animal model AND a disease or phenotypic endpoint with pharmacological or toxicological relevance can be identified from the assay description. 4: No specific reference animal model or a disease or phenotypic endpoint with pharmacological or toxicological relevance can be identified from the assay description. The assay annotation has been structured such that each identified in vivo assay in the dataset can be assigned an assay classification (at level 3) if possible, as well as subsequent annotation at two higher levels (level 2 and level 1). Due to the absence of an existing ontology that describes range of available animal and safety models, this annotation approach is regarded as a significant and consistent forward step to improve the utility of the data.
The comprehensive reference works are (i) 'Drug Discovery and Evaluation: Pharmacological Assays' 17, 18 (edited most recently by Hock in 2016) which describes many functional assays in substantial detail and (ii) 'Drug Discovery and Evaluation: Safety and Pharmacokinetic Assays' 19 (edited by Vogel). Hock 17, 18 or Vogel 19 describe around 1100 pharmacological and safety pharmacological models that may be classed as functional in vitro, ex vivo or in vivo (thereafter these publications are collectively referred to as 'Hock publications'). For each reference model, the Hock publications provide an assay name, purpose and rationale, procedure, evaluation, critical assessment of the method, modifications of the method, references and further reading. In addition, similar assays are organised by chapter. For example, the Hock 17,18 chapter on "Cardiovascular Analysis in vivo" contains reference animal models that investigate blood pressure by different methods, angiotensin II antagonism for hypertension treatment or the Bezold-Jarisch reflex that causes excessively shallow breathing or an abnormally low resting heart rate, while Vogel 19 describes reference animal models of cardiovascular safety pharmacology such as blood pressure or cardiac output.
The first stage of the annotation approach has been to find a text pattern that uniquely identifies a reference animal model and to match this pattern against the text contained within the 'description' field of the in vivo assay dataset (Table 1) . For example, the regular expression '[Tt]ail\W? [Ff] lick' identifies the 'Tail Flick' reference animal model described by Hock, and allows the annotation of all in vivo assays that have a relevant assay description e.g. "Analgesic activity in tail flick test, oral administration" (CHEMBL732290), or "Compound was administered subcutaneously and was evaluated for opioid antagonist activity (versus morphine) by tail-flick (TF) antagonism test" (CHEMBL723844) ( Table 1) . The text patterns have been manually assigned, and a positive (and negative) check of the resulting assay hits was carried out. A text pattern match to uniquely identify an individual reference animal model has been created for around half of the in vivo animal models described by the Hock reference works. The remaining animal models described in the Hock reference works either relate to an in vitro or ex vivo experiment, or an in vivo animal model that cannot be uniquely identified by phrases that may be contained within the assay description. For example, 'MRI Studies of Cardiac Function' or 'Chronic Stress Model of Depression' are animal models that require multiple experimental observations, some of which overlap with experimental observations for other animal models and therefore a text pattern match within an assay description from the in vivo dataset does not uniquely identify one specific animal model. For this reason, of the 514 in vivo animal models described in the Hock reference works, around half (260 animal models) could not be mapped to any assay description within the in vivo assay dataset.
If applicable for each reference animal model, a compound that induces a phenotype in the reference animal model is recorded (e.g. carrageenan or formaldehyde are used to induce paw oedema in rat). Equally, any standard 'positive control' compound that causes a known result for a reference animal model is noted (e.g. morphine, codeine or meperidine are positive control compounds for the 'Tail Flick' reference animal model).
The second stage of the annotation approach is as follows. For some in vivo assays, a disease or phenotypic endpoint with pharmacological or toxicological relevance can be identified from the assay description. For example, the assay description given as (Table 1) :
"Antioxidant activity against CCl4-induced oxidative hepatic injury Wistar albino rat model assessed as effect on liver cytosolic catalase activity per mg protein at 100 mg/kg, ip for 7 consecutive days prior to CCL4 challenge measured 24 hrs post CCl4 challenge (Rvb = 218.25 +/− 11.43 U/mg protein)" can be annotated by a general toxicological endpoint ('General Models of Drug Induced Liver Injury') as well as a specific reference animal model ('Carbon tetrachloride CCl4 Induced Liver Fibrosis in Rats').
The number of annotated and unannotated in vivo assays and a breakdown of their statistics are shown in Fig. 3a . The annotated in vivo assays have been grouped by similar animal reference models at the level 1 assay classification (Fig. 3b) . This shows that the many of the annotated animal models for in vivo assays investigate the nervous system (32%), or the cardiovascular system (17%). These proportions reflect the types of phenotypes that lend themselves to investigation by animal models and are described within the in vivo assay dataset. The unannotated in vivo assays typically have assay descriptions that are too sparse or non-specific to be able to identify a unique animal model or disease or endpoint with pharmacological or toxicological relevance. Examples of assay descriptions and their annotation (or lack of annotation) are given in Table 1 .
Looking forward, there may be opportunities to refine the annotation of the in vivo assay dataset as additional assays are identified within future releases of the ChEMBL database, and/or new reference animal models are developed. However, it is likely that some in vivo assay descriptions within the identified dataset will remain unannotated unless substantial effort to investigate the underlying published literature source(s) is performed. 
Disease and phenotype mapping (with MeSH)
To improve the interoperability of the in vivo assay dataset, a second annotation task has been performed that provides mapping of relevant Medical Subject Heading terms (MeSH, version 2018; https://www. nlm.nih.gov/mesh) to each reference animal model, or disease or phenotypic endpoint with pharmacological or toxicological relevance. Examples are given in Table 2 . MeSH is a comprehensive controlled vocabulary of medical terms that can been applied to translational drug discovery because it includes branches for relevant high-level categories like Disease (C) or Mental Disorders (F03) as well as their underlying terms. MeSH have been selected for the second layer of annotation because: Therefore, annotation of the in vivo assay dataset by MeSH terms allows similar information to be translated across the varied datasets that are used within the drug discovery pipeline. The MeSH annotation provides a link between a disease or phenotypic outcome and an underlying in vivo assay or group of in vivo assays. Figure 3c provides a breakdown of high-level categories of annotated MeSH terms for the in vivo assay dataset, and shows that many of the annotated in vivo assays can be mapped to MeSH terms (at level 2) for 'C23: Pathological Conditions, Sign and Symptoms' (18%; includes e.g. 'inflammation', 'seizures', 'pain', 'obesity'), 'C04: Neoplasms' (13%; includes e.g. 'neoplasms', 'leukemia', 'carcinoma', 'melanoma'), 'C10 Nervous System Diseases' (7%; includes e.g. 'seizures', 'memory disorders', 'parkinson disease'), 'C20 Immune System Diseases' (7%; includes 'diabetes mellitus', 'immune system diseases', 'asthma') or 'C18: Nutritional and Metabolic Diseases' (13%; includes e.g. 'lipid metabolism disorders', 'diabetes mellitus', 'nutrition disorders'). Note that an individual reference animal model can be mapped to more than one MeSH term, and that a MeSH term can be described within more than one MeSH class at level 2. Therefore, the frequency of related categories is not necessarily similar (e.g. 12% of animal models investigate antineoplastic and immunomodulating agents in Fig. 3b compared to 13% MeSH terms for Neoplasms in Fig. 3c ).
Code availability
Scripts have been made available (at https://github.com/chembl/chembl_invivo_assay) to carry out:
• the identification of the in vivo assays (SQL script, see following subsection; and at github),
• the annotation of the in vivo assay dataset by reference animal model, by disease or phenotypic endpoint with pharmacological or toxicological relevance, and by MeSH terms (Python 3 script; at github) , 'phenotype' denotes that a common disease or phenotypic term can be identified within the assay description and annotated as such for e.g. 'anti-Alzheimers', 'analgsia', 'inflammation', 'hepatotoxicity') Note that some reference animal models or disease or phenotype are mapped to multiple MeSH terms. Using --Exclude ADMET assays since these typically relate to pharmacokinetic parameters like Cmax, Tmax, Bioavailability or in vitro drug metabolism studies, and are therefore not disease or phenotypic assays: AND a.assay_type ! = 'A' --Only include assays from published scientific literature. This excludes deposited datasets like TG-GATES that have existing annotation.
AND a.src_id = 1;
Data Records
The dataset consists of a collection of around 135,000 in vivo assays that relate to disease-, phenotype-or toxicity-relevant animal models and have been typically been performed on target organisms such as Rat (45%) and Mouse (37%) as well as Human (5%), Dog (4%), Guinea Pig (4%), Rabbit (2%) and other mammals (3%). There are~93,000 distinct compound structures associated with the~90,000 annotated in vivo assays (Fig. 3) . The identified in vivo assay dataset originates from around 14,600 scientific literature articles that are mainly published by medicinal chemistry journals such as the Journal of Medicinal Chemistry or Bioorganic & Medicinal Chemistry Letters and have had relevant drug discovery information extracted and manually curated as part of the ChEMBL data workflow. These medicinal chemistry journals frequently describe a drug discovery project and hence they typically contain data covering the assay types using in lead optimisation projects e.g. binding data on the primary biological target, data from cell-based assays, and ADMET assays for the same compounds. The investigation of scientific literature articles that consider in vivo assays within journals that have a toxicological or pharmacological focus may provide an additional source of relevant information, but this has not been explored as part of this work. If there is interest from the scientific community and it is considered to fall within the remit of ChEMBL, then this could be considered as a future task. A new 'assay classification' table has been created within the ChEMBL database to store the annotated assay information. This table stores the hierarchical assay classification at three levels, and associated information:
• level 1 headings are broad categories of disease or phenotype;
• level 2 headings are groups of related diseases, phenotypes or toxicology annotation, and • level 3 headings refer to a specific animal model or an endpoint with pharmacological or toxicological relevance.
• For each level 3 heading, associated information is given if relevant, and available, for:
The 'assay classification' table has a unique primary identifier ('assay class id') that maps (via an 'assay id mapping' table) to the 'assay id' given in the 'assays' table. In this way an assay (and its description) can be more mapped to more than one assay classification, if appropriate.
The in vivo assay dataset is available as a flat, downloadable file (Data Citation 1; see Usage Notes). The downloadable information includes:
• the dataset of annotated (and un-annotated) in vivo assays;
• the assay classification table of level 1, level 2 and level 3 headings with its associated information as described in the previous paragraphs.
Technical Validation
Validation of the assay annotation has been carried out by comparison against 500 in vivo assays from ChEMBL examined by Zwierzyna and Overington 12 where phrases have been manually assigned by database curators for experimentally induced animal disease models or phenotypes. For each matching in vivo assay, the reference animal model, or disease or phenotypic endpoint with pharmacological or toxicological relevance assigned in our work was compared against the annotation assigned by the database curators, as shown by the confusion matrix (Table 3 ) and classification statistics (Table 4) . This shows that 315 in vivo assays are similarly annotated in our work (true positive), and 74 were similarly not annotated in our work (true negatives), with examples given in Table 5 . The 63 false negative mismatches have a phrase in the assay description that has been identified by the database curators in 12 , but typically there is insufficient detail to accurately assign one reference animal model or a phenotype against the in vivo assay description (see the examples labelled 'FN' in the final column of Table 5 ). Equally, the 36 false positive mismatches typically have an annotated phenotype resulting from our work, but a similar phrase has not been assigned by the database curators (see the examples labelled 'FP' in the final column of Table 5 ). Overall, the validation comparison shows that the annotation of the descriptions of in vivo assays presents a reliable picture that can be used to match animal models described by the Hock publications or MeSH terms.
Usage Notes
ChEMBL provides a number of mechanisms for searching and retrieval of relevant information (https:// www.ebi.ac.uk/chembl/). The annotated dataset will initially be made available for download (Data Citation 1) but will also subsequently be accessible as part of a later release of the ChEMBL database, and via the web interface or web services (https://www.ebi.ac.uk/chembl/ws).
As explained in previous publications describing ChEMBL [2] [3] [4] , users should always be aware that although data are extracted manually and further curated, some errors are inevitable in such a large dataset and therefore data should always be treated with caution. For example, upon identifying an interesting endpoint within an in vivo assay, it is always prudent to consult the original publication to ascertain further details of the experimental procedures before using the data as the basis for further experiments. Table 5 . Examples of the set of in vivo assays for each quadrant of the confusion matrix. Key to the final column TP: A similar phrase(s) has been identified by database curators in 12 and annotated in this work. TN: No phrase has been identified by database curators in 12 nor annotated in this work. FN: The assay description is not clear enough to accurately annotate a specific animal model or a disease or phenotypic endpoint, even though a phrase has been identified by database curators in 12 . FP: A phrase related to an animal model or a disease or phenotype has not been identified by database curators in 12 but has been annotated in this work. 
